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Abstract 
CO2 separation is an energy intensive process, and it plays an important role in both energy saving and CO2 
capture and storage (CCS) to deal with global-warming. CO2 can be from different sources in a wide temperature, 
pressure and concentrations range. Meanwhile, new liquid absorbents are under-development to cost-effectively 
separate CO2 from gas mixtures. All this makes it crucial to analyze the energy consumption for CO2 separation 
from different streams and with different absorbents. In this work, the theoretical energy consumption of CO2 
separation from flue gas (CO2/N2), lime kiln gas (CO2/N2), biogas (CO2/CH4) and bio-syngas (CO2/H2/CO) was 
calculated. The results show that the energy consumption of CO2 separation from flue gas is the highest and that 
from biogas is the lowest. If the CO2 captured from flue gases was substituted by that from biogases, the energy 
saving would be equivalent to 28.13 million ton standard coal globally. The energy consumption of CO2 separation 
from biogas using traditional absorbent of 30%MEA and new developed ionic liquids (ILs) was further studied, in 
which 1-ethyl-3-methy- limidazolium bis[(trifluoromethyl)sulfonyl]imide ([Emim][NTf2]), 1-butyl-3-methylimida- 
zolium tetrafluoroborate  ([Bmim][BF4]), 1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl] imide  
([Hmim][Tf2N]) and  1-butyl-1-methylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide ([Bmpy][Tf2N])  were 
screened from 75 ILs. The energy consumptions of CO2 separation using ILs are lower than those of 30%MEA and 
that of [Bmim][BF4] is the lowest in the four screened ILs. With a very low vapor pressure and high CO2 solubility, 
it’s promising to use ILs as absorbents for CO2 separation. 
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1. Introduction 
Global warming is now widely  recognized as being the b iggest global issue facing human beings . 
The anthropogenic emissions of greenhouse gases, particularly carbon dioxide (CO2) from the 
combustion of fossil fuel (41%) and  transportation (22%) are the main cause of the global warming[1], 
and lime kiln gas is a significant anthropogenic CO2 emitter. CO2 capture and storage (CCS) is an 
important option to mitigate CO2 emission from fossil-fuelled p lants or lime kiln [2]. Biofuels produced 
via biomass gasification or anaerobic d igestion are proposed as substitutes  [3] of fussil fuels to mitigate 
CO2 emission in the transportation sector, and CO2 separation from bio-syngas in gasification or from 
biogas in anaerobic digestion is needed in order to increase the production yield, enhance the process 
efficiency and purify products. Meanwhile, the separated CO2 can fu rther contribute to CO2 emission 
mitigation. Therefore, CO2 separation plays an important role in both CCS and biofuel production. 
CO2 separation is an energy intensive process , and the energy consumption depends on CO2 partial 
pressure, temperature, separation technologies, etc. A lot of research work has been carried out with the 
focus on evaluating different CO2 separation technologies. While it  is well-known that the inherent 
thermodynamic state of CO2 streams will determine the energy consumption, which is termed as 
theoretical energy consumption and independent of technologies used for separation. However, the 
theoretical energy consumption of CO2 separation from d ifferent CO2 streams with different 
temperature, pressure and CO2 concentration has not been studied.  
Meanwhile, new absorbents have been developed or are under developing to cut the cost for CO2 
separation, and MEA-based technology has been commercialized [4]. There are many drawbacks for 
this MEA-based technology, such as the high energy consumption for solvent regeneration and solvent 
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losses [5]. Recently, ionic liquids (ILs) are proposed as ‘green solvents’ for CO2 capture/separation due 
to their remarkable properties  [6-8]. However, the types of ILs are huge and how to select a  suitable IL 
for CO2 separation is still unclear.  
To investigate and evaluate the CO2 separation process, in this work, firstly, the theoretical energy 
consumption from d ifferent CO2 streams, such as flue gas, lime kiln  gas, bio-syngas and biogas, was 
calculated. Secondly, the energy consumption was estimated for the new developed ILs-based CO2 
separation technology, and the technology using the screened ILs for CO2 capture from b iogas was 
analyzed and compared with MEA-based technology.  
 
Nomenclature 
 
ΔG   the difference of Gibbs free energy, kJ/mol 
yi   molar fraction of component i in a gas mixture, dimensionless 
T     temperature, K  
P    pressure, bar 
MEA  monoethanolaine 
2. Theoretical energy consumption analysis 
The theoretical energy consumption (ΔG) of CO2 separation from a CO2 stream is calculated based 
on the first and second laws of thermodynamics, i.e.  
122   212
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where G is the Gibbs free energy for a pure gas or gas mixture, and subscripts 1 and 2 represent the 
initial state (before separation) and the final state (after separation), respectively.  
The Gibbs free energy of a gas mixture at state j can be calculated by eq. (2): 
> @ iNi iNi Ni iiiij ynRTyynRTGnyG Ilnln 00 0 ¦¦ ¦              (2) 
where n is the mole number of the in let gas mixture, and i is the number of components , I i is the 
fugacity coefficient of component i, and Gi is the free energy of component i and calculated with eq. 
(3): 
iii TSHG         (3) 
where Hi and Si are the enthalpy and entropy for component i. In this work, the values of enthalpy and 
entropy of component i were taken from NIST standard reference data [9]. 
The init ial and final states of the separation process are important variab les for the calcu lation of ΔG. 
In this work, we assumed that the final state was to be 298.15 K and 1 bar, while the corresponding 
initial temperature, p ressure and compositions for flue gas (CO2+N2), lime kiln gas (CO2+N2), 
bio-syngas (CO2+H2-CO) and biogas (CO2+CH4) were based on the actual operation plants , and the 
conditions used in the work are listed in Table 1. The fugacity coefficient of each component at the 
initial and final states was investigated by using the Redlich-Kwong equation of state [10] and the 
investigation results show that the values of the fugacity coefficients are about unity . For the sake of 
simplification, the fugacity coefficient was assumed to be unity in the calcu lation of the following 
results. 
Table 1. Temperature, pressure and gas composition of the four gas streams for CO2 separation 
Condition Flue gas [11] Lime kiln gas [12] Bio-syngas [13] Biogas [14, 15] 
T1(K) 393.15~513.15 373.15~423.15 373.15~473.15 283.15~333.15 
P1 (bar) 0.5~5 0.5~5 1~15 1~7 
yCO2 0.03~0.15 0.2~0.42 0.25~0.35 0.15~0.5 
ygas without CO2 yN2: 0.97~0.85 yN2:0.8~0.58 
yCO: 0.30~0.33 
yH2: 0.45~0.35 
yCH4: 0.85~0.5 
Typical condition 
(T, P, yCO2)1 
423.15 K, 1 bar, 0.12 423.15 K, 1 bar, 0.25 423.15 K, 1 bar, 0.3 313.15 K, 1 bar, 0.4 
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The calculated theoretical energy consumption is in a range for each CO2 stream as the CO2 stream 
from different sources can be at different temperatures, pressures and compositions . For example, 
ΔGbiogas is in the range of 0.05-1.62 GJ/tonCO2 while ΔGflue gas is in the range of 2.08-34.96 GJ/tonCO2. 
For each CO2 stream, the minimum and maximum values of the theoretical energy consumption are 
listed in Table 2. In average, the theoretical energy consumption follows ΔGflue gas > ΔGlime kiln gas > 
ΔGbio-syngas > ΔGbiogas, i.e. the theoretical energy consumption for separating CO2 from biogas is the 
lowest and that for flue gas is the highest in the four CO2 sources.  
For each CO2 stream, the theoretical energy consumption under typical conditions was calculated 
and listed in  Table 2. It follows ΔGflue gas > ΔGlime kiln gas > ΔGbio-syngas > ΔGbiogas. Under typical 
conditions, the theoretical energy consumption for CO2 separation from biogas is only 0.51 GJ/tonCO2, 
which is lower than that from flue gas with the value of 4.71 GJ/tonCO2. Considering the global CO2 
emission from biogas in 2010 is 24.7Mton [16], if the CO2 captured from flue gases was substituted by 
that from biogases, the energy saving would be equivalent to 28.13 million ton standard coal globally , 
which corresponds to 1.36 billion US$ saved globally, in which the price of CO2 capture was chosen as 
55 US$/ton CO2 (= the average of 40-70 US$/ton CO2 [17]). 
Table 2. 'Gmin, 'Gmax and 'Gtypical of separating CO2 from the four gas streams 
'G (GJ∙tonCO2-1) Flue gas  Lime kiln gas Bio-syngas  Biogas  
'Gmin 2.08 0.52 0.30 0.05 
'Gmax 34.96 3.08 2.30 1.62 
'Gtypical  4.71 2.22 1.45 0.51 
3. CO2 separation from biogas with liquid absorbents 
Due to the disadvantages of the MEA-based technology, such as high energy requirement fo r 
solvent regeneration, corrosivity and solvent loss, ionic liquids (ILs) are proposed as a promising 
alternative due to their remarkab le properties. The huge number of potential ionic liquids provides the 
possibility to get a suitable IL for a specific application; it also leads to the difficulty to screen ILs for 
CO2 separation for a specific process. In this work, 75 ILs including imidazolium ILs, pyridinium ILs, 
ammonium ILs and phosphonium ILs were investigated to screen proper ILs for CO2 separation. With 
the available experimental data, the preliminary screening process of ILs was based on the Henry’s 
constant of CO2 in  ILs and CO2 desorption enthalpy of ILs. The further screening process was based on 
the realistic CO2 absorption capacity, heat capacity and CO2 selectivity. [Emim][NTf2], [Bmim][BF4], 
[Hmim][Tf2N] and [Bmpy] [Tf2N] were screened from these 75 ILs. 
The energy consumptions of those screened ILs were calcu lated for CO2 separation in which  biogas 
was chosen as a CO2-stream due to the lowest theoretical energy consumption . Considering the 
fermentation is operated at 283-333 K, the absorption was set to be 293 K and 16 bar with 50% CO2 in 
mole fraction, and the desorption was set to be 323 K and 1bar.  
Without the consideration of the pump work, the total energy consumption  (ΔHtot) of CO2 separation 
using ILs can be calculated as eq. (4), 
οܪ௧௢௧ ൌ οܪ௦௘௡௦ ൅ οܪௗ௘௦               (4) 
where ΔHsens is the sensible enthalpy and ΔHdes is the enthalpy of CO2 desorption.  
The corresponding total energy consumption of CO2 separation using 30%MEA was also calculated 
for comparison using eq. (5), 
οܪ௧௢௧ ൌ οܪ௦௘௡௦ ൅ οܪௗ௘௦ ൅ οܪ௩௔௣                (5) 
where ΔHvap is enthalpy of vaporization.  
The energy consumptions for those using screened ILs and 30%MEA are listed in Table 3. The 
energy consumptions for CO2 separation using [Bmim][BF4] with the value of 1.47GJ/tonCO2 is the 
lowest in the four screened ILs. Taking [Bmim][BF4] as an example, 77% of the total energy 
consumption for CO2 separation is consumed in increasing temperature of the solvents, with the value 
of sensible enthalpy of 1.13 GJ/tonCO2. Th is implies that the total energy consumption using ILs can 
be lowered by decreasing the sensible enthalpy, fo r example, changing the operation temperatures or 
choosing/designing ILs with low heat capacity.  
From the comparison of the energy consumption of ILs and 30%MEA , the energy consumption of 
30%MEA is higher than those of ILs due to the high value of enthalpy of water vaporizat ion. The 
energy consumption for CO2 separation using [Bmim][BF4] is only one fourth of that of 30%MEA. 
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With the 24.7 Mton CO2 emission globally from biogas, there will be 2.38EJ energy-saving by using 
[Bmim][BF4] to absorb CO2 instead of using 30%MEA. It’s reasonable to state that ILs are promising 
to be used as absorbents to replace traditional absorbents. 
Table 3.The total energy consumption of CO2 separation from biogas with ILs and 30% MEA 
ΔH(GJ/tonCO2) [Emim][Tf2N] [Bmim][BF4] [Hmim][Tf2N] [Bmpy][Tf2N] 30%MEA 
ΔHsens 1.21  1.13  1.49  1.49  0.59 
ΔHdes,CO2 0.30  0.34  0.27  0.28  2.09 
ΔHvap - - - - 2.77 
ΔHtotal 1.51  1.47  1.76  1.77  5.45 
4. Conclusion 
The theoretical energy consumption of CO2 separation from different CO2 streams such as biogas, 
bio-syngas, flue gas and lime kiln gas , was calculated at different temperatures, pressures, CO2 
concentrations and components. The results show that in general the energy consumption of CO2 
separation from flue gas is the highest and that from biogas is the lowest. To evaluate the 
new-developed ILs-based technology, the energy consumption for CO2 separation from b iogas was 
further calculated using different liquid absorbents. Four ILs were screened firstly from 75 ILs. 
Secondly, the energy consumption of CO2 separation from b iogas using these four screened ILs and 30% 
MEA was calcu lated, respectively. The energy consumption for CO2 separation using [Bmim][BF4] is 
the lowest in the screened ILs with the value of 1.47 GJ/tonCO2, which is only one fourth of that of 
30%MEA. The saved energy will be 2.38EJ from the view of energy consumption and it’s reasonable 
to state that some IL is promising to be used as absorbent to replace traditional absorbents. 
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